The objective of this study was to investigate the effect of active hydroxyl groups on a titanium (Ti) surface on the bond strength between Ti and segmented polyurethane (SPU) composite through γ-mercapto propyl trimethoxysilane (γ-MPS). Active hydroxyl groups on Ti surface oxide were controlled by immersion in hydrogen peroxide (H2O2) with different lengths of immersion time, and the resulting concentrations of active hydroxyl groups were evaluated using a zinc-complex substitution technique. For the H2O2-treated Ti, it was characterized using X-ray photoelectron spectroscopy and scanning electron spectroscopy. For the bond strength of Ti/γ-MPS/SPU interface, it was determined using a shear bond test. Results showed that the bond strength increased with increase in the concentration of active hydroxyl groups. In terms of durability after immersion in water at 310 K for 30 days, it was found that bond strength was improved with increase in active hydroxyl groups. Based on the results obtained, active hydroxyl groups on the surface oxide film were clearly one of the causes governing the interfacial bond strength.
INTRODUCTION
Metals are widely used as biomaterials because of their high mechanical properties, especially in terms of toughness and long-term durability 1) . However, no biofunction is added to metals during their manufacturing process such as casting, forging, working, and heat treatment.
To expand the clinical application of metals, biofunctions must be added to metals. On the other hand, polymers have been widely used by virtue of their high degree of flexibility and biocompatibility [1] [2] [3] [4] .
However, polymers sometimes show insufficient strength and long-term durability for some purposes because of their structures 2) . If a metal and a polymer could be bonded and used as a composite material, a new material with good biocompatibility and high mechanical strength is thus produced. The encompassing clarification of the causes governing the bond strength of the interface, especially at a nanometer level, is one of the most challenging aspects in the development of composite materials between metals and polymers. Amongst the plethora of polymers currently available, segmented polyurethane (SPU) presents an outstanding potential to improve biocompatibility. SPU typically comprises three reactive components: a hard segment (diisocyanate), a soft segment (oligomeric macromonomer), and a chain extender. In SPU synthesis planning, the availability of these three components allows a multiplicity of combinations that can potentially yield SPUs with vastly differing physicochemical and mechanical properties, as well as varying biostability. In terms of surface modification method, Suzuki et al. 5) claimed that SPU subjected to ion beam irradiation exhibited improved soft tissue compatibility, although SPU is already widely known as an antithrombogenic polymer 2, 6, 7) .
By leveraging on these beneficial properties of SPU, a new material composed of bonded titanium (Ti) and SPU would thus be one having both soft tissue compatibility and high mechanical strength. This Ti-SPU composite material should emerge as a promising candidate for application as a dental implant material. Bonding of metals to polymers is currently practiced in dentistry [8] [9] [10] [11] [12] .
In particular, silane coupling agents are useful and instrumental in the bonding of metals to polymers. For instance, the mechanical properties and durability of dental cements or composite resins increase with the number of silanized fillers [14] [15] [16] [17] [18] .
However, few reports have examined and discussed the chemical structures at the bonding interface and how they influence bonding strength 19) .
In a previous study 20) , we investigated the unequivocal relationship between shear bond strength and chemical structure at the bonding interface of a metal-polymer composite using a silane coupling agent. Ti and SPU were employed as component materials for the composite. Ti disks were immersed in varying concentrations of γmercapto propyl trimethoxysilane (γ-MPS) solutions for several lengths of immersion time. As a result of the immersion, γ-MPS molecules reacted with the active hydroxyl groups on the surface oxide film on Ti and formed a γ-MPS layer thereon. The apparent thickness of the γ-MPS layer, determined with ellipsometry, was controlled by the concentration of γ-MPS solution and immersion time. Shear bond strength at the interface increased with increase in the thickness of γ-MPS layer; in other words, the number of γ-MPS molecular units. Therefore, to increase the number of hydroxyl groups on the surface oxide film of Ti, it is necessary to increase the number of γ-MPS molecular units. Active hydroxyl groups on the surface oxide film play an important role in metal-polymer composites. This is because active hydroxyl groups are the initiation sites for chemical reactions in the bonding of γ-MPS with Ti. In this paper, the term "active hydroxyl groups" indicates "hydroxyl groups located on the surface oxide film that easily react with some metal ions to form a metal complex" . The objective of this study was to investigate the effect of active hydroxyl groups on the surface oxide film of Ti on interfacial bonding strength in a metalpolymer composite. Similar to our previous study 20) , Ti and SPU were employed as component materials to form the composite. It has been reported that the concentration of active hydroxyl groups on the surface oxide film could be increased by immersion in a hydrogen peroxide solution 21, 22) . No research on the change in properties of Ti has been reported at present, while the immersion of Ti in hydrogen peroxide accelerates the bone formation on it 23) . The concentration of active hydroxyl groups was determined with a zinc-complex substitution technique 24) . Bond strength between Ti and SPU in Ti-SPU composites manufactured under different experimental conditions was evaluated using a shear bond test. Furthermore, the bonding strength of Ti/γ-MPS/SPU interface after immersion in water was evaluated to estimate its durability in water.
MATERIALS AND METHODS

Production of active hydroxyl groups on Ti
Commercially pure Ti disks with 5 mm thickness and 8 mm diameter were prepared from wrought titanium rods (grade 2; Rare Metallic Co., Inc., Japan). The disks were polished with 320-and 600-grit SiC papers in water followed by buffing with 9-μm diamond paste and 0.05-μm SiO2 slurry to obtain a mirror-finished surface. The disks were ultrasonically rinsed in acetone and deionized water for five minutes each.
To control different concentrations of active hydroxyl groups on Ti, Ti disks were immersed in a 3.0 vol％ H2O2 solution (Kanto Chemical Co. Inc., Japan) at 303 K for 1, 24, 48, and 72 hours. This process is defined as "H2O2 treatment" . Ti disks with and without H2O2 treatment were dried with a stream of high-purity nitrogen gas and kept in a desiccator for one hour.
XPS analysis
The chemical state of the surface oxide film of H2O2treated Ti was determined using X-ray photoelectron spectroscopy (XPS; SSX100, SSI, UK). Table 1 lists the conditions employed for XPS analysis. All binding energies given in this paper were relative to the Fermi level, and all spectra were excited with monochromatized AlKα line (1486.61 eV).
The spectrometer was calibrated against Au 4f7/2 (binding energy: 84.07 eV) and Au 4f5/2 (87.74 eV) of pure gold and Cu 2p3/2 (932.53 eV), Cu 2p1/2 (952.35 eV), and the Cu Auger L3M4,5M4,5 line (kinetic energy: 918.65 eV) of pure copper. The energy values were based on published data 25) . To estimate the photoelectron peak intensities, the background was subtracted from the measured spectrum according to Shirley' s method 26) .
Zinc-complex substitution technique
The concentration of active hydroxyl groups existing on the surface oxide film of Ti was determined using a zinc-complex substitution technique. Five hundred milliliters of a 4 mol L -1 ammonium chloride solution (Kanto Chemical Co. Inc., Japan) and 250 mL of a 0.4 mol L -1 zinc chloride solution (Kanto Chemical Co. Inc., Japan) were mixed. Then, the mixture pH was adjusted to 6.9 using a 30 vol％ ammonium hydroxide solution (Kanto Chemical Co. Inc., Japan). Following which, mixture volume was adjusted to 1000 mL with deionized water. Figure 1 shows the process of the zinc-complex substitution technique. Ti disks were immersed in a 3.0 vol％ H2O2 solution at 303 K for 1 hour, 24 hours, 48 hours, and 72 hours. Ti disks with and without H2O2 treatment were immersed in 150 mL Table 1 Conditions for XPS analysis of the mixture for five minutes ( Fig. 1(a) ). During immersion, zinc complexes were formed on the surface oxide film ( Fig. 1(b) ). After immersion, the specimens were rinsed three times in 150 mL of deionized water for 10 minutes each and dried in a desiccator for one hour. They were then immersed in 100 mL of 2.42 mol L -1 nitric acid (Kanto Chemical Co. Inc., Japan) for 10 minutes to release zinc ions from the zinc complex to the solution (Figs. 1(c) and (d)). This method has been described in detail in another report 24) . The amount of zinc ions released was determined using an inductively coupled plasma-atomic emission spectrometer (ICP-AES; PS-3000UV, Leeman Lab., Inc., Lowell, MA).
As for the concentration of active hydroxyl groups per unit surface area of the Ti disks, COH (number/nm 2 ), it was calculated using the following equation:
where CZn is the concentration of zinc ions (ppb), V is the volume of nitric acid (L), S is the surface area of specimens (nm 2 ), A is Avogadro' s number (6.02×10 23 ), and M is the molecular weight of zinc (62.75). Each COH value of H2O2-treated specimens was normalized by that of untreated Ti.
Surface observation
The surfaces of Ti disks with and without H2O2 treatment were observed by an optical microscope and a scanning electron microscope (SEM; JSM-6400, JEOL) at an acceleration voltage of 10 to 15 kV. Furthermore, the roughness of Ti disks with and without H2O2 treatment was determined with a surface roughness meter (VF-7510, Keyence Co.). Manufacturing of H2O2-treated Ti disk-SPU composite through γ-MPS Figure 2 shows the manufacturing process of the Ti-SPU composite. Solutions of 0.1, 1.0, and 2.0 vol％ γ-MPS (Kanto Chemical Co. Inc., Japan) were adjusted to pH 4.0 by acetic acid. These solutions were hydrolyzed for one hour by stirring and filtered using a 40-μm membrane. Ti disks with and without H2O2 treatment were then immersed in γ-MPS solutions for one minute (0.1 and 1.0 vol％) and 50 minutes (2.0 vol％). Different combinations of experimental conditionsin terms of γ-MPS concentration and immersion time in γ-MPS solution for the shear bond test are summarized in Table 2 . According to our previous research 20) , it was predicted that the thickness of the γ-MPS layer thus prepared on the Ti disks decreased in the following order: D, C, B, and A. Ti disks coated with the γ-MPS layer were then dried with a stream of high-purity nitrogen gas and kept in a vacuum desiccator for one day.
To prepare a SPU solution, 600 mg of Corehta-ne70A (Crovita, USA), 10 mL of tetrahydrofuran (Kanto Chemical Co. Inc., Japan), and 10 mL of dimethylformamide (Kanto Chemical Co. Inc., Japan) were mixed.
The H2O2-treated Ti disks coated with γ-MPS layer were then immersed in the SPU solution and kept in the vacuum desiccator for two days, followed by removal from the SPU solution and drying in the vacuum desiccator again. Grip for the shear bond test was formed on the outer surface of the SPU layer using an autopolymerized acrylic resin (Unifast II, GC, Japan).
Shear bond test
The shear bond strength of Ti/γ-MPS/SPU interface of Ti-SPU composite was evaluated using a universal mechanical test machine (2000-IB, Shimadzu, Japan) with a crosshead speed of 0.1 mm min -1 at ambient temperature. Shear bond strength, τ, was calculated using the following equation:
where P is the shear bond strength and A is the original bonding area. Three Ti-SPU composites were used for each condition (N＝3). Data obtained from shear bond test were statistically analyzed by Student' s t-test.
Effect of immersion in water on Ti shear bond strength
The durability of Ti/γ-MPS/SPU interface in water was evaluated. Ti disks were immersed in a 3.0 vol％ hydrogen peroxide solution for 48 hours at 303 K. The H2O2-treated Ti disks were immersed in a γ-MPS solution and bonded to SPU as described above. Table 3 lists the experimental combinations of H2O2 treatment time, γ-MPS concentration, and immersion time in γ-MPS solution. It was predicted that the thickness of the γ-MPS layer thus prepared on the Ti disks decreased in the following order: "D0, C0, and B0" and "D48, C48, and B48" 20) . After application of SPU, the Ti-SPU composites were immersed in 15 mL of deionized water at 310 K for 0, 7, and 30 days. After the grips were formed, a shear bond test of Ti/γ-MPS/SPU interface was carried out in the same manner described above. Three Ti-SPU composites were used for each condition (N＝3). Data obtained from shear bond test were statistically analyzed by Student' s t-test.
RESULTS
Concentration of active hydroxyl groups on H2O2treated Ti
Carbon was detected on all specimens. From the C 1s energy region spectrum, it was concluded that none of the specimens contained carbonate because no peak was detected at the energy region of 289-290 eV, where carbonate should give a C 1s peak 27) . (H2O) 28) , as shown in Fig. 3 ratios decreased, whereas the [H2O]/[O] ratio suddenly increased at 72 hours. Figure 5 shows the normalized concentrations of active hydroxyl groups per unit area on the surface oxide film. Absolute values may change depending on the technique used because the concentrations are different in each technique according to the determination method 29) . However, the value is valid for the relative result pertaining to the concentration. The normalized concentration of active hydroxyl groups on the surface oxide film significantly increased with an increase in H2O2 treatment time. However, it significantly decreased after H2O2 treatment for 72 hours. This result was different from that of XPS.
Optical microscopic images indicated that the metallic luster of the specimens was gradually tarnished with H2O2 treatment time. Figure 6 shows the SEM observation images and roughness of the Ti disks with and without H2O2 treatment. Smooth surfaces were observed on untreated and one-hourtreated Ti disks, while surface roughness slightly increased with H2O2 treatment exceeding 24 hours. Figure 7 shows Figure 8 shows the shear bond strength results of Ti/γ-MPS/SPU interface of Ti-SPU composites with and without H2O2 treatment after immersion in water. Regardless of γ-MPS immersion condition, the shear bond strengths of Ti/γ-MPS/SPU interface of Ti-SPU composites with H2O2 treatment were always higher than those without H2O2 treatment. The shear bond strength of Ti/γ-MPS/ SPU interface of Ti-SPU composite without H2O2 treatment significantly decreased with immersion time regardless of γ-MPS concentration and immersion time ( Fig. 8(A) ). In addition, regardless of the γ-MPS immersion condition, the shear bond strengths of Ti/γ-MPS/SPU interface of Ti-SPU composites with H2O2 treatment slightly decreased after seven days of immersion in water. However, no further decrease in shear bond strength of the Ti/γ-MPS/SPU interface was observed after 30 days of water immersion ( Fig. 8(B) ). In light of this result obtained, longer immersion test should be performed to determine a practical durability of the composite in water.
Shear bond strength of H2O2-treated Ti-SPU composite
Durability of Ti/γ-MPS/SPU interface in water
DISCUSSION
Effect of H2O2 treatment on Ti surface oxide film
From the XPS results, it was confirmed that the surface oxide film on Ti disk without H2O2 treatment consisted of TiO2 containing hydroxide, hydroxyl groups, bound water, and absorbed water. With H2O2 solution as an oxidant, the oxidation of the surface oxide film progressed in the 1-hour treatment; in other words, hydroxide, bounded water, and/or absorbed water in the surface oxide film decreased. After 24 and 48 hours of treatment, the surface oxide films on Ti disks were completely oxidized and consisted of only TiO2. However, the number of water molecules in the surface oxide film of Ti disk dramatically increased after 72 hours of treatment; in other words, titania gel was formed on the surface oxide film. Similarly, Tengvall et al. 21, 22) noted that Ti with H2O2 treatment had a layer of titania gel formed on the surface, and Takemoto et al. 30) also observed titania gel film on a Ti sheetusing SEMafter H2O2 treatment.
The OHpeak obtained by XPS might have originated not only from the active hydroxyl groups on the surface oxide film, but also from hydroxyl groups and the hydroxide inside the film. This was because the detection depth of XPS was almost 10 nm, which was much larger than the monolayer of the active hydroxyl groups. It is noteworthy that it was difficult to distinguish the active hydroxyl groups on the surface oxide film from the hydroxyl groups inside the film merely by XPS. On the contrary, a zinc-complex substitution technique could detect surface-film-only active hydroxyl groups. This was because the zinc complex was formed using the hydroxyl groups located on the surface oxide film. Therefore, the zinc-complex substitution technique was employed to determine the concentration of active hydroxyl groups on the surface oxide film in this study.
Relation between active hydroxyl groups and shear bond strength of Ti/γ-MPS/SPU interface Some investigators have reported on increase in metal surface roughness after H2O2 treatment. An increase in metal surface roughness sometimes generates an anchoring effect, such that the bond strength with the other adhering material inevitably increases. However, despite an increase in the surface roughness of Ti, the shear bond strength of Ti/γ-MPS/SPU interface decreased after 72 hours of H2O2 treatment in this study (Fig. 7) . This indicated that an increase in roughness by H2O2 treatment was insufficient to generate the anchoring force between Ti and SPU. It was revealed that the active hydroxyl groups on the surface oxide film played an important role in the shear bond strength of Ti/γ-MPS/SPU interface. A schematic illustration of the chemical reaction of γ-MPS with the surface oxide film is shown in Fig. 9 . The γ-MPS molecular units were hydrolyzed (Figs. 9(a) and (b)) and mutually condensed ( Fig. 9(c) ). Then, the γ-MPS molecular units and an active hydroxyl group on the surface oxide film formed a hydrogen bond ( Fig. 9(d) ) at the initial stage. Subsequently, they were dehydrated and condensed ( Fig. 9(e) ). Figure 10 illustrates the chemical structures of the Ti/γ-MPS /SPU interface. Since the thiol groups of γ-MPS had no functional groups bonding with SPU, CH2 groups of SPU and γ-MPS existed as mutually intertwined. When the concentration of active hydroxyl groups increased, the number of γ-MPS molecular units bonding with hydroxyl groups increased. In our previous research 20) , the shear bond strength of Ti/γ-MPS/ SPU interface was shown to increase with increase of γ-MPS molecular units. Therefore, the shear bond strength of Ti/γ-MPS/SPU interface increased with increase in the concentration of active hydroxyl groups on the surface oxide film. However, this relationship was not observed in the case of a thick γ-MPS layer (under manufacturing condition D). Many molecular units existed in the thick γ-MPS layer. Since the thick γ-MPS layer was already saturated with γ-MPS molecular units, the increase of γ-MPS molecular units by the increase of active hydroxyl groups did not influence the shear bond strength of the Ti/γ-MPS/SPU interface.
Effect of titania gel on the shear bond strength of Ti/ γ-MPS/SPU interface
Titania gel was formed on the surface oxide film of 72-hour H2O2-treated Ti disk. The concentration of active hydroxyl groups decreased in the titania gel. As a result, the shear bond strength of Ti/γ-MPS/ SPU interface decreased when titania gel was formed on the Ti substrate. On the other hand, as described above, the titania gel contained many water molecules. Miyazaki et al. 31) revealed that water molecules induced the re-hydrolysis of a silane coupling agent bonded to metal surface. In the same way, the γ-MPS molecule units bonded to titania gel might be hydrolyzed by water molecules. As a result, the shear bond strength of Ti/γ-MPS/SPU interface decreased. Fig. 9 Schematic images of the chemical reactions of γ-MPS on surface oxide film before (a) and after (b) hydrolysis of molecular units. The hydrolyzed molecular units were mutually dehydrated and condensed (c). Then, they were dehydrated and condensed with active hydroxyl groups on the surface oxide film (d and e). 
Durability of Ti/γ-MPS/SPU interface in water
The durability of Ti/γ-MPS/SPU interface in water was also improved by the increase of active hydroxyl groups on the surface oxide film. As described above, water molecules induced the re-hydrolysis of the γ-MPS layer. If water molecules invaded the interface, the shear bond strength of Ti/γ-MPS/ SPU interface should decrease with immersion time in water, although initial shear bond strength was high. Therefore, it was thought that the shear bond strength of Ti/γ-MPS/SPU interface of Ti-SPU composite without H2O2 treatment would decrease even with a thick γ-MPS layer. However, the interface of Ti-SPU composite with H2O2 treatment contained many γ-MPS molecular units bonded directly to active hydroxyl groups on the surface oxide film. Since the γ-MPS molecular units were tightly packed, the infiltration of water might have been inhibited. Therefore, the increase in active hydroxyl groups served to improve interfacial durability in water.
CONCLUSIONS
The concentration of active hydroxyl groups on the surface oxide film was controlled by H2O2 treatment. However, long-term H2O2 treatment resulted in the formation of a titania gel film on the Ti substrate. The shear bond strength of Ti/γ-MPS/SPU interface increased with an increase in the concentration of active hydroxyl groups on the surface oxide film. Furthermore, the durability of Ti/γ-MPS/SPU interface in water was also improved by increasing the active hydroxyl groups on the surface oxide film. In light of the results obtained, active hydroxyl groups on the surface oxide film were clearly one of the causes governing shear bond strength. This study should lead to further improvements and greater impetus in the creation of metal-polymer composites for artificial organs.
